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Hedgehog directly controls initiation and propagation of retinal
differentiation in the Drosophila eye
Abstract
Patterning of the compound eye begins at the posterior edge of the eye imaginal disc and progresses
anteriorly toward the disc margin. The advancing front of ommatidial differentiation is marked by the
morphogenetic furrow (MF). Here we show by clonal analysis that Hedgehog (Hh), secreted from two
distinct populations of cells has two distinct functions: It was well documented that Hh expression in the
differentiating photoreceptor cells drives the morphogenetic furrow. Now we show that, in addition, Hh,
secreted from cells at the posterior disc margin, is absolutely required for the initiation of patterning and
predisposes ommatidial precursor cells to enter ommatidial assembly later. These two functions of Hh in
eye patterning are similar to the biphasic requirement for Sonic Hh in patterning of the ventral neural
tube in vertebrates. We show further that Hh induces ommatidial development in the absence of its
secondary signals Wingless (Wg) and Dpp and that the primary function of Dpp in MF initiation is the
repression of wg, which prevents ommatidial differentiation. Our results show that the regulatory
relationships between Hh, Dpp, and Wg in the eye are similar to those found in other imaginal discs
such as the leg disc despite obvious differences in their modes of development.
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Hedgehog directly controls initiation
and propagation of retinal differentiation
in the Drosophila eye
María Domı´nguez1,2,3 and Ernst Hafen1
1Zoological Institute, University of Zu¨rich, CH-8057 Zu¨rich, Switzerland
Patterning of the compound eye begins at the posterior edge of the eye imaginal disc and progresses anteriorly
toward the disc margin. The advancing front of ommatidial differentiation is marked by the morphogenetic
furrow (MF). Here we show by clonal analysis that Hedgehog (Hh), secreted from two distinct populations of
cells has two distinct functions: It was well documented that Hh expression in the differentiating
photoreceptor cells drives the morphogenetic furrow. Now we show that, in addition, Hh, secreted from cells
at the posterior disc margin, is absolutely required for the initiation of patterning and predisposes ommatidial
precursor cells to enter ommatidial assembly later. These two functions of Hh in eye patterning are similar to
the biphasic requirement for Sonic Hh in patterning of the ventral neural tube in vertebrates. We show further
that Hh induces ommatidial development in the absence of its secondary signals Wingless (Wg) and Dpp and
that the primary function of Dpp in MF initiation is the repression of wg, which prevents ommatidial
differentiation. Our results show that the regulatory relationships between Hh, Dpp, and Wg in the eye are
similar to those found in other imaginal discs such as the leg disc despite obvious differences in their modes
of development.
[Key Words: Drosophila eye; morphogenetic furrow initiation; hedgehog signaling]
Received August 18, 1997; revised version accepted September 25, 1997.
Members of the Hedgehog (Hh) family of proteins have
been implicated in patterning of multiple tissues during
embryogenesis. These include the neural tube, limbs,
bone, sexual organs, and eyes in vertebrates and inverte-
brates (for review, see Hammerschmidt et al. 1997). The
molecular basis of Hh signaling is best understood in its
role in patterning the anteroposterior axis of the embry-
onic segments and the appendages of Drosophila. Hh ap-
pears to control patterning indirectly by locally inducing
the expression of secondary signaling molecules that can
act at a distance (for review, see Hammerschmidt et al.
1997). In the embryo and the ventral part of the leg
imaginal disc, Hh induces the expression of wingless
(wg) in anterior cells at the anteroposterior compartment
boundary (Forbes et al. 1993; Basler and Struhl 1994; Ta-
bata et al. 1995; Ng et al. 1996). In the dorsal part of the
leg disc and in the wing disc, Hh induces Dpp (Basler and
Struhl 1994; Tabata et al. 1995). Recent experiments
have suggested that there is not just a simple linear re-
lationship between Hh and its two secondary signals,
Dpp and Wg. On one hand, Dpp and Wg not only control
different cell fates in response to Hh signaling, but they
also mutually repress each others transcription (Brook
and Cohen 1996; Jiang and Struhl 1996; Johnston and
Schubiger 1996; Morimura et al. 1996; Peton and Hoff-
mann 1996; Heslip et al. 1997). It is therefore possible
that Dpp specifies cell fate not only by directly acting on
target cells in a concentration dependent manner but
also indirectly by repressing wg. On the other hand, Hh
may also control cell fate directly independent of Dpp
and Wg. In experiments in which Hh and Dpp are ecto-
pically expressed in the developing wing, Hh but not
Dpp is sufficient to induce sensory structures normally
found in anterior cells near the compartment boundary
(Go´mez-Skarmeta and Modolell 1996; Mullor et al.
1997). Furthermore, Hh may also act directly in pattern-
ing of the dorsal epidermis (Bokor and DiNardo 1994).
Because Dpp is required earlier for the establishment of
the dorsoventral axis of the embryo, however, it is un-
clear whether Hh acts alone or in combination with Dpp
to specify cell identities.
Two independent roles for Hh and Dpp have been de-
scribed in patterning the Drosophila compound eye (for
review, see Heberlein and Moses 1995). In contrast to the
wing and legs, patterning of the developing eye occurs by
a lineage-independent mechanism and is closely linked
to cellular differentiation (for review, see Wolff and
Ready 1993; Bonini and Choi 1995). Pattern formation is
initiated at the late second/early third instar larval stage
at posterior part of the eye disc and spreads anteriorly by
the movement of the morphogenetic furrow (MF). The
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sequential induction of the MF is driven by Hh, which is
secreted from the differentiating ommatidial cells (for
review, see Heberlein and Moses 1995). Hh induces om-
matidial assembly in more anterior cells, some of which,
in turn, become Hh secreting cells and, thus, the MF
advances. Although dpp expression is also induced by
Hh in the MF (Heberlein et al. 1993), Dpp signaling ap-
pears to be dispensable in the wild type for ommatidial
assembly and MF propagation (Burke and Basler 1996;
Wiersdorff et al. 1996; Chanut and Heberlein 1997; Peton
et al. 1997). A reciprocal requirement for Hh and Dpp
was observed in the initiation of the MF at the posterior
end of the eye disc and in its continuous reinitiation
along the lateral margins. MF initiation is blocked in
clones of mutant cells lacking the Dpp-receptor Thick
veins (Tkv) or the Dpp-downstream protein Mothers
against dpp (Mad) that include the posterior and lateral
disc margins (Burke and Basler 1996; Wiersdorff et al.
1996). On the basis of three observations, it has been
concluded that Hh is not involved in MF initiation from
the posterior margin nor in its reinitiation from the lat-
eral margins (Heberlein et al. 1993; Ma et al. 1993; Jar-
man et al. 1995). Firstly, the MF initiates normally but
arrests prematurely in hh1 eye discs (Heberlein et al.
1993). hh1 is a partial loss-of-function allele that specifi-
cally impairs hh function in the developing eye (Lindsley
and Zimm 1992). Second, when hhts2 larvae were grown
at the permissive temperature until early third instar and
then shifted to the restrictive temperature, progression
in the center of the disc, but not initiation of the MF, was
blocked (Ma et al. 1993). Third, the MF still initiates and
propagates a short distance before it stops in eye discs
mutant for atonal (ato), where ommatidial development
and, hence, hh expression in the ommatidial cells is
completely abolished (see references in Heberlein et al.
1995).
Here we have reassessed the requirement for Hh in
patterning the eye disc and its relation to the function of
Dpp and Wg, (1) by examining the effects of complete
loss of hh function in somatic clones, (2) by examining
the expression of hh in relation to early cell markers for
the MF, and (3) by examining the consequences of con-
stitutive activation of the Hh signal transduction path-
way in cells unable to produce Dpp and Wg. In contrast
to previous reports, our results show an absolute require-
ment for Hh in the initiation of patterning in the eye. In
addition, we show that Hh and Dpp signaling pathways
contribute to eye patterning independently. Hh acts di-
rectly in the control of the initiation and propagation of
the MF. In contrast, Dpp is required indirectly to prevent
marginal cells that receive the Hh signal from expressing
wg. This repression is important because activation of
wg in the Hh receiving cells prevents MF induction by Hh.
Results
Hh is required both for initiation and progression of
the morphogenetic furrow
We have examined the effects of loss of hh function in
the eye imaginal disc. To do this, we generated clones of
cells mutant for the null allele, hhAC (Ma et al. 1993) by
use of the FRT–FLP technique (Xu and Rubin 1993). Two
classes of hh mutant clones were observed in the eye
disc. The first class consists of clones that are situated
entirely within the eye field. In these clones, MF propa-
gation and ommatidial differentiation, assessed by the
expression of the neuronal marker Elav, is normal (Fig.
1). Only in the center of large clones is the progression of
the MF retarded relative to the adjacent tissue (Fig.
1A,B). In addition, the expression level of the proneural
gene ato, which is required for the initiation of neuronal
differentiation in the MF (Jarman et al. 1994), is reduced
in the center of the clone (Fig. 1A). These results are
consistent with the phenotype described for hh clones in
the adult eye (Heberlein et al. 1993; Ma et al. 1993),
which showed that photoreceptor differentiation occurs
normally in the mutant cells and that only in the center
of large clones are aberrant ommatidia found. Because
neuronal differentiation and MF propagation can proceed
normally through and beyond mutant hh clones situated
entirely within the eye field, it appears that Hh secreted
from the neighboring wild-type ommatidia rescues, in a
nonautonomous manner, the loss of hh. On the basis of
the rescue of mutant ommatidial units, we estimate that
adequately high levels of Hh protein reach hh mutant
cells across a distance of about three ommatidial clusters
from the boundary with hh+ cells.
Clones of the second class include some of the lateral
or posterior margin of the eye disc (Fig. 2). In these
clones, no neuronal differentiation is observed (Fig.
2A,C,E–G), except close to the clone boundary, where
single hh mutant ommatidia can be rescued (see Fig. 2A
and arrowheads in 2C). The changes in cell shape that
precede and accompany neuronal differentiation are also
absent in these marginal clones (Fig. 2E–G). These re-
sults show an essential early role of Hh in the initiation
of the MF, in addition to its role in MF propagation.
Interestingly, there is a significant difference in the re-
quirements for Hh at the disc margins as opposed to the
internal eye field, as inferred by the different degree of
nonautonomy between marginal (Fig. 2) and internal
(Fig. 1) clones.
The analysis of hh in clones in the adult eye (Heberlein
et al. 1993; Ma et al. 1993) showed that, whereas the
majority of clones developed normal ommatidial struc-
tures as a result of the nonautonomous rescue by neigh-
boring hh+ cells, a small fraction of clones caused gross
abnormalities, including the absence of large portions of
the eye (Heberlein et al. 1993). This class of clones may
correspond to the class of marginal clones.
Blocking the reception of Dpp in Mad or tkv mutant
clones at the margin is often associated with the induc-
tion of an ectopic eye field adjacent to the clone
(Wiersdorff et al. 1996 and Fig. 2H). In contrast, we have
never observed similar reorganizations of eye discs con-
taining hh mutant clones (see also Materials and Meth-
ods). Moreover, Mad mutant cells that fail to form eye
structures develop dorsal head structures instead
(Wiersdorff et al. 1996). The formation of dorsal head
structures can be attributed to the gain of wg expression
Early role of Hh during Drosophila eye development
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in the posterior mutant Mad cells (Wiersdorff et al.
1996). In contrast, marginal hh clones lead to formation
of naked cuticle in the adult eye (data not shown; He-
berlein et al. 1993). We have not observed ectopic wg
expression in posterior marginal hh clones at third instar
larval stage (data not shown).
Early expression of hh, ptc, and dpp in the eye disc
The results from our clonal analysis of hh show an es-
sential role of Hh in the initiation of the MF from the
posterior margin of the disc, which is in conflict with a
previous observation that hh is only expressed in the
differentiating photoreceptor cells after the MF has been
initiated (Ma et al. 1993). Therefore, we re-examined the
expression of hh at the time of MF initiation in the late
second and early third larval instar stages. The expres-
sion of the patched (ptc) gene, which is activated in re-
sponse to Hh signaling (Capdevila et al. 1994; Heberlein
et al. 1995; Tabata et al. 1995; Strutt and Mlodzik 1996),
was also examined at the second and third instar larval
stage. To monitor hh expression, we used the enhancer-
trap line hhP30. This line contains a P(lacZ) insertion in
the hh locus and reproduces the pattern of the endog-
enous gene (Lee et al. 1992; Ma et al. 1993). ptc expres-
sion was visualized by use of the ptcAT96 enhancer-trap
line (see Materials and Methods). The onset of MF ini-
tiation was visualized by use of an antibody against the
Ato protein (Jarman et al. 1994), which we found is in-
duced shortly before cells enter the MF, assessed by
changes in cell shape visualized by the anti-Arm anti-
body (Fig. 3A). hh–lacZ is already expressed in the late
second/early third instar larval disc along the posterior
and dorso-lateral margins (Fig. 3B–D, G). hh–lacZ expres-
sion is weak and becomes stronger in cells just posterior
to the first Ato positive cells (Fig. 3C). To substantiate
that this early expression of b-galactosidase in the hhP30
line along the disc margin is related to MF induction, we
have examined hh–lacZ and ato expression in slightly
more mature discs, when the MF has moved anteriorly.
As shown in Figure 3D, the advance of the MF is closely
associated to the anterior expansion of hh–lacZ. The hh
expressing cells lie between discrete Ato-positive cells,
which correspond to the presumptive R8 photoreceptor
cells (Fig. 3D). It was shown that hh–lacZ expression in
the developing photoreceptor cells starts several omma-
tidial rows posterior to the MF as ommatidial cells ini-
tiate neuronal differentiation (Heberlein et al. 1993; Ma
et al. 1993). At the stage shown in Figure 3D, the neu-
ronal antigen recognized by the Elav antibody is not yet
expressed in the differentiating photoreceptor cells (not
shown). By this criterion, this early expression of hh pre-
cedes neuronal differentiation by several hours and,
hence, cannot be dependent on it. Furthermore, whereas
the later expression of hh is restricted to a subpopulation
of developing photoreceptors (Ma et al. 1993), the early
expression of hh is observed in all cells of the posterior
margin that themselves will not contribute to the eye
field proper, and also in the posterior ommatidial precur-
sors prior to their recruitment. This early expression of
hh may explain why the MF still initiates in ato mutant
discs in which neuronal differentiation (Jarman et al.
1994, 1995) and, hence, hh expression in differentiating
ommatidial cells is prevented. ptc expression, which re-
flects hh activity, is also present in the young eye disc
(Fig. 3H), supporting the view that the Hh signaling path-
way is already active at this stage.
The signaling molecules Dpp and Wg, which are also
Figure 1. Effects of loss of hh function dur-
ing MF propagation. In all images, eye discs
are oriented dorsal to the right and anterior
up. Third instar larval eye discs containing
hh internal clones double stained with anti-
bodies against b-galactosidase (red) and the
proneural protein Ato (green in A) or the
neuronal marker Elav (green in B). Single
and superimposed confocal images are
shown side by side. The homozygous mu-
tant cells (hh/hh) are marked by the absence
of lacZ staining. (A) The clone spans the MF
and causes a reduction in the levels of Ato
protein (arrowhead) in the MF. Note the
slightly bent line of ato expression, suggest-
ing that the MF has progressed more slowly
in the region with limited Hh signal. (B) The
disc contains two fused hh clones. The an-
terior clone (arrowhead) spans the MF at the
time of dissection. The second clone is lo-
cated posterior to the MF. Examination
throughout the depth of the two clones
shows that neuronal differentiation, assessed by Elav expression (green), has proceeded normally within the mutant tissue. On the
basis of the rescue of mutant ommatidial units, we estimate that adequately high levels of Hh protein reach hh mutant cells across
a distance of about three ommatidial clusters from the boundary with hh+ cells.
Domı´nguez and Hafen
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required for patterning of the eye, are already expressed
in the late second, early third instar eye disc. wg–lacZ is
expressed at the disc margin before the onset of ato ex-
pression (not shown). At these early stages, wg–lacZ ex-
pression is confined to the most anterior margin of the
disc, from which most of the head capsule develops (Fig.
3F). dpp is expressed along the posterior and lateral mar-
gin of the disc (Masucci et al. 1990; Blackman et al. 1991;
and Fig. 3E). We consistently observe a slight temporal
difference, however, in the appearance of hh and dpp
expression at the posterior margin of young discs.
Whereas hh is strongly expressed at the posterior margin
of the disc prior to ato expression, dpp expression in the
BS3.0 line appears at the time of ato expression (Fig. 3 cf.
C and E).
Relationship between Hh, Dpp, and Wg signaling in
the initiation of the MF
The results presented here indicate that Hh activity is
Figure 2. Role of hh in the initiation of the
MF. (A–C and E–G) Mosaic eye discs carry-
ing hh clones that include the disc margin.
(A–C) hh clones are marked by the absence
of lacZ (red) staining. (E–G) hh mutant tissue
is marked indirectly by the absence of Elav
(green). (A) The disc contains several hh
clones. Single-channel image of the arm–
lacZ staining to visualize the position of the
clones is shown in the right panel. Neuronal
differentiation, assessed by Elav expression,
is normal in the internal hh clone (asterisk),
whereas it is blocked in the marginal hh
clone (arrow). The arrow points to the center
of the marginal clone and also where mar-
ginal ommatidia are missing. (B) The expres-
sion of ato (green) is also affected in marginal
hh clones. Note that only cells in close prox-
imity to the wild-type border of the clone
have detectable Ato protein levels (arrow-
head). (C) A large hh clone (outlined in
white) that runs along the center of the disc
and spans half of the posterior eye margin.
The single channel image of the Elav (green)
is shown in the right panel. Neuronal differ-
entiation is abolished in the area where the
posterior margin is mutant for hh. In con-
trast, the hh+ margin initiated the MF,
which progressed normally through an inter-
nal hh mutant area (note the presence of
green ommatidia). Only a few mutant om-
matidia (arrowheads) are rescued adjacent to
the borders of the marginal part of the clone.
The bars in the image show the approximate
position of the MF. (D) A portion of a wild-
type disc stained with a monoclonal anti-
body raised against Arm (see also Materials
and Methods) to show changes in cell shape
associated with cells in the MF (white line)
and cells in the ommatidial clusters (some of
them are marked with arrows). The image
shows an apical focal plane. (E–G) Eye discs
carrying marginal hh clones that span half of
the posterior margin. hh cells marked by the absence of Elav staining (red in E, and green in F and G) do not constrict apically and fail
to assemble into ommatidial clusters, as assessed by the Arm staining (green in E and red in F and G). The disc in E was dissected at
the mid third instar stage to confirm that failure to initiate ommatidial differentiation is not an indirect effect of loss of hh in the
ommatidial clusters. The Arm staining is in red, and the Elav in green. The clones in F and G were induced in a Minute background
(see Materials and Methods). (H) Mosaic eye disc carrying a tkv clone also induced in a Minute background. The uniform Arm staining
(red) and the absence of ato expression (green) in the region marked by the arrowhead indicates that this region lacks tkv. Adjacent to
this area, a supernumerary eye field (asterisk) has formed in the ventral region of the eye disc (see Materials and Methods). The ectopic
eye develops an equator as in the endogenous eye, indicating that loss of Dpp reception, but not loss of hh (cf. E–G with H), results
in the reprogramming of positional information in the marginal cells to initiate an MF in an ectopic position.
Early role of Hh during Drosophila eye development
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required for the initiation of the MF and are consistent
with previous reports showing that activation of Hh sig-
naling in cells anterior to the MF is sufficient to induce
ectopic MFs (Heberlein et al. 1995; Ma and Moses 1995;
Pan and Rubin 1995; Strutt and Mlodzik 1995; Strutt et
al. 1995; Wehrli and Tomlinson 1995; Pignoni and Zi-
pursky 1997). Because Wg and Dpp are also implicated in
the control of MF initiation—Wg prevents and Dpp pro-
motes initiation—we wondered what the relationship
between Hh, Wg, and Dpp in this process was. We tested
whether Hh alone is sufficient for this process or
whether it acts indirectly via the secondary signals Dpp
or Wg. The protein kinase A (Pka) acts downstream in
the Hh signaling pathway and loss of pka activity mim-
ics the reception of the Hh signal (Jiang and Struhl 1995;
Lepage et al. 1995; Li et al. 1995; Pan and Rubin 1995;
Strutt et al. 1995). Loss of pka function, like ectopic hh
expression (Heberlein et al. 1995; Pignoni and Zipursky
1997), in anterior cells induces the formation of ectopic
MFs (Pan and Rubin 1995; Strutt et al. 1995). Like ecto-
pic hh expression (Heberlein et al. 1995; Pignoni and
Zipursky 1997), loss of pka function activates dpp ex-
Figure 3. Early pattern of hh expression in the second
and early third instar eye disc. Anterior is up in all panels.
(A) The first prominent accumulation of Ato protein (red,
left panel) in the eye disc marks the onset of the MF, as
assessed by Arm staining (green, right panel). The middle
panel shows the combined image. (B–F) Confocal images
of increasingly older discs stained with anti-Ato antibody
(green) and b-galactosidase (red) to detect lacZ expression
in the hhP30 (B–D), in the dpp-BS3.0 line (E) or in a wg–
lacZ line (F). The expression of hh occurs in a line of cells
along the posterior and dorsal margin of the eye disc prior
to the initiation of the MF (B). This expression is elevated
at the posterior most edge of the disc at the time of MF
induction when the first Ato positive cells (green) are
detectable (C). The right panel shows only hh–lacZ ex-
pression in the same disc. (D) An older eye disc, in which
the MF has progressed three ommatidial rows (indicated
by arrows). The expression of hh (arrow) has expanded
anteriorly to the region of the presumptive dorsal head
(dh) and is located posterior to the band of continuous
Ato expression (arrowhead). The hh–lacZ-positive cells
(red, arrow) are in between the single Ato-positive cells,
which correspond to R8 precursor cells. Double staining
with anti-Ato and anti-Elav showed no expression of Elav
at this early stage (not shown). (E) dpp–lacZ expression
was examined in relation to the early expression of ato.
Note that the induction of the MF is not synchronous in
the two eye discs of the same larva. The disc that shows
no detectable accumulation of Ato protein also has
weaker expression of dpp at the most posterior edge of
the disc (arrow). The dpp–lacZ expression in this region
becomes detectable at the time of ato induction, but dpp
expression is still weaker and discontinuous (arrow) in
this region compared with its expression in the lateral
margins. (F) The disc is of the same age as that shown in
D. wg–lacZ expression is confined to the anterior part of
the disc. Note that the prominent wg–lacZ expression in
the presumptive dorsal head region (dh) overlaps at this
stage with hh–lacZ expression. (G–H) Young eye discs of
hhP30 (G) and ptcAT96 (H) larvae stained with X-gal (blue).
Note that the stripe of ptc–lacZ is broader than the stripe
of hh–lacZ consistent with the notion that secreted Hh
can induce gene expression in cells farther from the hh-
expressing cells. The discrepancy between the time and
place of expression of b-galactosidase in the hhP30 line
shown here and the previous reported hh RNA distribu-
tion is most likely attributed to the different age of the
eye discs used in these two studies. Whereas Ma et al.
(1993) analyzed hh RNA distribution only in the third instar disc, we see hh–lacZ expression at the disc margin already in second instar
disc. We used a cell marker (anti-Ato) and a morphological marker (anti-Arm) to assess directly the age of the eye discs. Abbreviations:
an, antennal disc; dh, presumptive dorsal head.
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pression in cells within the eye field (Pan and Rubin
1995; Strutt et al. 1995). We tested whether loss of pka
also results in ectopic expression of wg in any region of
the eye disc. As shown in Figure 4A, loss of pka function
also induces wg expression in the anterior part of the eye
and in a domain in the antennal disc (Fig. 4A). Next, we
tested whether activation of the Hh signaling pathway
by loss of pka function is sufficient to induce ectopic
MFs in the absence of dpp and wg function. To do this,
we generated clones of cells triple mutant for pka, dpp,
and wg. The expression of ato was used as an early
marker for MF initiation. Clones of cells triple mutant
for dpp, wg, and pka induce autonomously ectopic ex-
pression of ato (Fig. 4B,C). Triple mutant cells located
near to or spanning the endogenous MF cause ectopic
MFs and the acceleration of the endogenous MF (Fig.
4B,C), as was described for pka single mutant clones (Pan
and Rubin 1995; Strutt et al. 1995). In addition, we find
that dpp wg pka clones located far from the endogenous
MF, including the anterior margin of the eye disc, still
induce ectopic expression of ato at levels comparable
with cells in the MF (not shown). The ectopic eyes in-
duced by misexpression of dpp are normally formed from
the anterior margin of the disc (Heberlein et al. 1995;
Pignoni and Zipursky 1997) and induction of ectopic
eyes is associated with removal of wg expression (Heber-
Figure 4. Constitutive activation of the
Hh signaling pathway, in the absence of wg
and dpp activities, activates the expression
of the proneural gene ato and causes ecto-
pic MFs. (A) A third instar larval eye disc
stained with anti-wg (green) and carrying
multiple pkaDCO–B3 clones marked by the
absence of arm–lacZ (red). The arrows
point to eye internal single pkaDCO–B3
clones that do not activate wg expression.
The arrowheads point to clones where wg
expression is activated in response to re-
moval of pka. (B,C) Eye discs carrying
dppH61 wg CX4pkaDCO–B3, which are
marked by the increased accumulation of
Ci occurring in the pka mutant cells
(Johnson et al. 1995; M. Domı´nguez and E.
Hafen unpubl.). The dppd12 pkaDCO–B3
clones are marked by the absence of arm–
lacZ staining. (B) A large dppH61 wg
CX4pkaDCO–B3 triple mutant clone (arrow-
heads) located in the anterior part of the
eye disc. ato expression is induced autono-
mously in the mutant cells. A detail of the
posterior part of the clone is shown in the
middle panel. The right panel shows a
single image of ato expression in the pos-
terior part of the clone (outlined in white)
and ato expression in the endogenous MF
(indicated with the bar). In the MF (white
line), the uniform levels of Ato protein
evolve into discrete single Ato-positive
cells, the R8 photoreceptor cells. Note that
most cells in the clone have uniform levels
of Ato (arrowhead) as those found in the
endogenous MF. Some of the mutant cells
(arrow) have initiated ommatidial develop-
ment, as inferred by the presence of regu-
larly spaced Ato-positive cells. (C) A
dppH61 wg CX4pkaDCO–B3 clone located
posterior to the MF at the time of dissec-
tion. The clone caused an acceleration of
the endogenous MF (arrowhead). (D) Aneye
disc carrying three wg CX4pkaDCO–B3 mu-
tant clones. Note the ectopic activation of ato expression even in the clones located far from the endogenous MF. The arrowhead points
to some mutant cells where ectopic expression of ato is in separated singular cells. (E,F) Two eye discs carrying dppd12 pkaDCO–B3
mutant clones. Note that ato expression (green) is not induced in these clones, which are marked by the absence of arm–lacZ staining
(red). The clones in F span the endogenous MF and have caused a reduction in the levels of expression of ato (arrowheads). (oc) Occellar
region. The position of the endogenous MF is indicated by white bars.
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lein et al. 1995; Pignoni and Zipursky 1997). Our results
of the triple mutant clones suggest a dispensable role for
Dpp in the initiation of MFs and, thus, are in contrast to
the report of Wiersdorff et al. (1996) that Dpp signaling
via the Mad protein is required to initiate MFs from pka
cells. One explanation for the difference between pka
Mad and dpp wg pka clones could be the failure to acti-
vate wg expression in the latter. To test whether the loss
of wg, rather than the gain of dpp, is necessary for the
formation of ectopic MFs, we compared the triple mu-
tant clones with clones double mutant for wg pka (Fig.
4D) or dpp pka (Fig. 4E–F). Whereas wg pka clones lo-
cated in the anterior part of the disc behave as triple
clones, dpp pka mutant cells, like pka Mad mutant cells
(Wiersdorff et al. 1996) are unable to activate ato (Fig.
4E). These results indicate that, at least in the lateral and
anterior region of the disc, in the absence of Wg, Dpp is
dispensable for the initiation of a MF by the Hh signaling
pathway. Posterior triple mutant clones, as single mu-
tant pka clones (Strutt et al. 1995; Pan and Rubin 1995),
showed normal retinal differentiation (not shown). Al-
though we cannot exclude the possibility that neighbor-
ing dpp+ tissue rescues the loss of dpp in the posterior
marginal clones, it is important to bear in mind that in
dppblink mutants, where no dpp expression is detected in
the eye disc, the MF still initiates in the center of the
posterior margin (Treisman and Rubin 1995). Our results
also show that activation of Wg in the Hh-receiving cells
alters the competence of cells to respond to Hh signals.
Discussion
Hh acts directly on cells in the eye imaginal disk to
induce ommatidial differentiation
Our results show an essential and direct function of Hh
in the initiation and propagation of the MF. Loss of hh
from the disc margin, where it is expressed prior to the
onset of eye patterning, impedes growth of the disc and
prevents all aspects of MF initiation. Furthermore, we
show that the activation of the Hh signaling pathway is
sufficient to induce ommatidial development in the ab-
sence of wg and dpp function.
The results presented here conflict with previous re-
ports suggesting that Hh is not required for the MF ini-
tiation (Heberlein et al. 1993; Ma et al. 1993; Jarman et
al. 1995). This notion was based on the following evi-
dence. MF initiation is normal in the hypomorphic hh1
allele (Heberlein et al. 1993) and in ato mutants (Jarman
et al. 1995) where hh is not expressed in the developing
photoreceptors. We show that hh is already present along
the margin of the late second/early third instar disc prior
to ato expression and that MF initiation is dependent on
Hh function in the disc margin. Furthermore, we show
that ato expression is strictly dependent on Hh input.
Therefore, by genetic criteria, hh1 is a partial loss-of-
function allele. It is likely that MF initiation in hh1 mu-
tants initiates normally because the early expression of
hh in the margin, as hh expression in other imaginal
discs, is normal in the hh1 mutant. Temperature-shift
experiments performed with the hhts2 allele at the early
third instar stage did not prevent initiation of the MF,
presumably because the requirement for Hh begins al-
ready at an earlier stage. Because of the perdurance of the
b-galactosidase protein used to analyze hh expression in
the second instar, we cannot accurately determine the
onset of hh expression in the disc margin, and hence, its
time of action. Although we cannot exclude the possi-
bility that Hh function begins at an earlier stage than the
onset of ato expression, we believe that Hh’s function is
also involved later in the initiation of the MF. Clones of
pka induced at the second instar larval stage still express
ato and generate ectopic MFs (Strutt et al. 1995; Pan and
Rubin 1995; M. Domı´nguez and E. Hafen unpubl.). Simi-
larly, late-induced pka wg dpp clones still induce ectopic
ato expression, supporting the view that cells must re-
ceive a direct input from Hh to initiate the MF. In ver-
tebrates, inhibition of protein kinase A phenocopies the
effects of ectopic expression of vertebrate Hh proteins in
the developing eye (Hammerschmidt et al. 1996) suggest-
ing that the mechanisms of the Hh signaling is con-
served.
The early function of Hh in Drosophila eye develop-
ment described here may have parallels during verte-
brate eye development. In the Zebrafish embryo, two hh
genes are expressed in the floor of the diencephalon ad-
jacent to the developing optic vesicles that express Pax2
adjacent to the Hh domain and Pax6 in the presumptive
distal portion far from the source of Hh (Ekker et al.
1995). High levels of Sonic hedgehog (SHh) reduce Pax6
expression and result in the expansion of Pax2 expres-
sion. A similar regulatory relationship between Shh and
Pax6 has recently been shown in the developing neural
tube (Ericson et al. 1997). Hence, it is possible that one of
the early functions of Hh during Drosophila eye devel-
opment is the regulation of eyeless, the Pax6 homolog in
Drosophila. Consistent with this notion is the fact that
the early expression we detect in second instar eye
imaginal discs is confined to the region surrounding the
eye field.
In contrast to the direct role of Hh in MF initiation, it
appears that the control of MF initiation by Dpp is indi-
rect; it acts by repressing wg. The negative regulation of
wg by Dpp at the disc margins (Wiersdorff et al. 1996;
Chanut and Heberlein 1997; Pignoni and Zipursky 1997)
provides an explanation for why ectopic dpp-expressing
cells can only initiate an ectopic MF from the anterior
margin (Chanut and Heberlein 1997; Pignoni and Zipur-
sky 1997), where wg is normally expressed (Ma and Mo-
ses 1995; Heslip et al. 1997). The ectopic MFs induced by
Dpp at the anterior margin are likely initiated by Hh,
which is also expressed at the dorsal margin in the young
eye disc (Fig. 3B,C,G). A role for Hh in MF initiation at
the anterior disc margin caused by temporally removing
wg function is supported by the observation that this
phenotype is suppressed by hh (Treisman and Rubin
1995).
A striking phenotype is the formation of ectopic eye
fields in the vicinity of marginal Mad (Wiersdorff et al.
Domı´nguez and Hafen
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1996) and tkvstrII (Fig. 2H) clones. This dramatic reorga-
nization of the eye disc resembles the production of ec-
topic appendages as a consequence of local loss of Dpp
reception at the compartment boundary in the leg discs
(Brook and Cohen 1996; Jiang and Struhl 1996; Johnston
and Schubiger 1996; Morimura et al. 1996; Peton and
Hoffmann 1996; Theisen et al. 1996). These ectopic ap-
pendages appear to result from the novel juxtaposition of
dpp-expressing cells and cells expressing wg because of
their failure to respond to Dpp. A similar mechanism
could account for the formation of ectopic eye fields in
mosaic Mad and tkv eye discs because it has been shown
that wg expression is activated in Mad mutant clones
and in partial loss-of-function mutants of dpp in the eye
(Wiersdorff et al. 1996; Chanut and Herberlein 1997).
Like in the leg disc, the early expression of dpp and wg
in the disc margins may be induced by Hh. Several lines
of evidence suggest that this is the case. First, hh is ex-
pressed at the disc margin of the second instar disc and
its expression overlaps with the domain of wg and dpp at
this stage. Second, removal of pka, which mimics the
effects of ectopic Hh expression, results in ectopic ex-
pression of dpp or of wg. Like in the antenna and leg disc,
the response to the removal of pka is limited to cells
anterior to the hh-expressing cells, and differs in differ-
ent regions of the eye disc. In the anterior margin of the
eye disc, loss of pka induces expression of wg like in the
ventral domain of the leg and the antenna. In the internal
part of the eye disc, loss of pka induces dpp expression
like the dorsal region of the leg and antenna. Further-
more, the repression of wg by Dpp occurs not only in the
margin but also in eye internal cells lacking pka. It is,
therefore, likely that Hh directly induces early expres-
sion of wg and dpp by antagonizing pka activity at the
eye disc margin. Thus, the regulatory relationship be-
tween Hh, Dpp, and Wg may be similar in the eye disc
and the leg disc despite obvious differences in the way
the discs develop. Patterning of the leg is controlled by
the juxtaposition of two clonally unrelated cell popula-
tions, anterior and posterior cells, and is not linked to
differentiation (Basler and Struhl 1994; Brook and Cohen
1996; Jiang and Struhl 1996). The eye disc, however, de-
velops by a lineage-independent mechanism and differ-
entiation is a prerequisite for progression of the pattern-
ing process.
Different thresholds for Hh activity to induce
ommatidial assembly
Our analysis of hh in the eye disc has shown that there
are different requirements for Hh activity at the disc
margins and in the internal part of the eye disc, as ob-
served by the different degree on nonautonomy between
hh internal and hh marginal clones. Loss of hh activity in
the internal region of the disc has very little conse-
quences, presumably because the presence of hh+ tissue
is sufficient to rescue the lack of hh function over a
relatively long distance (about three ommatidial units).
In contrast, the loss of hh expression at the margin, even
in small clones, is not completely rescued by the adja-
cent Hh-producing ommatidia. As the MF progresses in a
mosaic disc carrying a marginal hh clone, only a single
ommatidial unit adjacent to Hh-secreting ommatidia is
rescued. Thus, there appears to be an essential require-
ment for hh function at the disc margin to induce om-
matidial differentiation in the internal cells. There is no
detectable hh expression in the disc margins at the time
of MF progression in the late third instar larval disc (Ma
et al. 1993; M. Domı´nguez and E. Hafen unpubl.). Thus,
this requirement for Hh may be related to its early ex-
pression in the disc margin. In the absence of early mar-
ginal expression of hh, the initiation of ommatidial de-
velopment appears to require a higher concentration of
Hh so that only the mutant cells at the boundary to the
Hh-secreting cells receive sufficient Hh to be rescued.
The early expression of hh at the margin would result in
a gradient of Hh activity toward the center of the eye
disc, predisposing cells in the presumptive eye field to
become ommatidial cells later. In support of this, we
observed that expression of dpp–lacZ and of ptc–lacZ are
graded from the margin toward the center of the disc.
The graded expression of dpp becomes uniform and ex-
pands throughout the posterior part of the disc upon ec-
topic expression of hh in the second instar larval stage
(Pignoni and Zipursky 1997). It is interesting to note that
in hh1 eye discs, where no Hh protein is detected during
the mid to late third instar stage (Huang and Kunes 1996)
the MF progression stops first in the center of the disc
and only later near the disc margin (Heberlein et al.
1993). This observation is consistent with the notion
that in the wild type, central cells farthest away from the
disc margin require higher Hh levels to initiate neural
development than cells located near the margins.
A similar early and late requirement of Hh signaling as
proposed here for eye patterning has recently been
shown for the differentiation of motor neurons in the
vertebrate neural tube (Ericson et al. 1996). In this
system, early expression of SHh in the notochord
is important to induce a ventralized state in the cells
of the neural tube. This ventralized state is marked
by the repression of pax7 and pax3 expression in the
ventral neural tube and is required for later specifica-
tion of motor neurons by Hh secreted from floor-plate
cells. In each case, the same cells, ommatidial precursor
cells or motor neuron precursors, require for their differ-
entiation distinct phases of SHh signaling originating
from different cell populations: marginal cells and differ-
entiating photoreceptor cells in the eye disc and noto-
chord cells and floor plate cells in the neural tube. We
note that the reiterative use of the Hh signaling pathway
during patterning of the Drosophila eye and the differ-
entiation within the vertebrate neural tube is similar to
the reiterative use of the Ras/MAP kinase pathway dur-
ing the specification of the different cell types in the
developing eye (Freeman 1996). Hh signaling in the Dro-
sophila eye may thus be another example of how the
same signaling pathway is used repeatedly to advance
the developmental state of cells and tissues in a ratchet-
like manner.
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Materials and methods
Fly stocks
The hh allele used, hhAC, is a null allele that is a small deletion
of sequences of the hh promoter and part of the coding region
(Ma et al. 1993). In genetic clones, hhAC behaves as other null
alleles (Ma et al. 1993; Basler and Struhl 1994). dppH61 and
wgCX4 are null alleles. dppd12 and pkaDCO–B3 are strong loss-of-
function alleles (described in Jiang and Struhl 1995; Li et al.
1995). The enhancer-trap strain hhP30 (Ma et al. 1993) was used
to monitor expression of the hh gene. ptc expression was moni-
tored by use of the ptcAT96 enhancer-trap line (kindly provided
by G. Struhl). In the eye disc, Ptc protein is detected at low
levels in all anterior cells and at higher levels in cells in the MF
and in some cells posterior to the MF (Strutt and Mlodzik 1996).
ptc–lacZ expression in the ptcAT96 enhancer-trap line is high in
cells posterior to the MF. dpp expression was monitored with a
BS3.0 reporter construct (Blackman et al. 1991) inserted on the
second chromosome. This reporter line reproduces the expres-
sion of the endogenous dpp gene (Masucci et al. 1990).
Somatic clones
Mitotic recombination clones were generated by use of the
FRT–FLP technique (Xu and Rubin 1993) alone or in combina-
tion with the Minute technique (Morata and Ripoll 1975) to give
the mutant clone a growth advantage. The genotype of the lar-
vae in Figure 1 and 2A–C are y w hs–FLP122; FRT82B hhAC/
FRT82B arm–lacZ. In these experiments, the hhAC/hhAC homo-
zygous mutant tissue and the twin spot (hh+ arm–lacZ/hh+
arm–lacZ) are marked, respectively, by the absence or the in-
creased levels of lacZ staining in relation to the heterozygous
tissue. The genotype of discs shown in Figure 2E–G is y w hs–
FLP122; FRT82B hhAC/FRT82B M(3R)67C. The genotype of the
disc shown in Figure 2H is y w hs–FLP122; tkvstrII FRT40/
M(2)25A FRT40. The tkvstrII allele (provided by K. Basler) is an
amorphic allele, and at the margin, but not in the internal re-
gion, of the eye disc only very small clones are recovered. To
generate larger clones of tkvstrII at the margin, the somatic
clones were induced in a Minute background. To compare the
phenotype of loss of hh and loss of Dpp-reception, clones of cells
mutant for hhAC or tkvstrII induced in a Minute background
were generated. Eye–antennal discs with supernumerary eye
field and duplicated antenna were obtained only in discs of the
genotype tkvstrII M+. In addition, we found that mosaic discs of
the genotype hhAC M+ showed signs of cessation of the MF, such
as mature ommatidia in the leading front of Elav expression,
and absence of dpp–lacZ expression. These phenotypes presum-
ably result from the loss of hh in a large internal area.
The genotype of the discs carrying triple mutant clones
shown in Figure 4A is pkaDCO–B3 stc FRT40/arm–lacZ, FRT40 in
Figure 4, B and C is dppH61 wgCX4 pkaDCO–B3 stc FRT39E/
Dp(2;2)VT1 (dpp+) Dp(1;2)sc19 (y+) FRT39E hs–Flp, in Figure 4D
is y hs–Flp122/+; wgCX4 pkaDCO–B3 FRT40/arm–lacZ FRT40, and
in Figure 4, E and F, is y hs–Flp122/+; dppd12 pkaDCO–B3 FRT40/
arm–lacZ FRT40. In all cases, the FLP gene was activated in first
instar larvae by heat shocking the larvae for 1 hr at 38°C. Wan-
dering third instar eye discs were dissected for histochemistry.
Immunofluorescence staining
Eye imaginal discs from second to third instar larvae were dis-
sected, stained, and analyzed as described by Gaul et al. (1992).
A rat monoclonal anti-Elav antibody diluted 1:50, a rabbit poly-
clonal anti-Ato antibody diluted 1:2000, a rabbit polyclonal
anti-b-galactosidase antibody (Cappel) diluted 1:400 or a mouse
monoclonal anti-b-galactosidase antibody (Cappel) diluted
1 : 2000 were used. In the experiments in which loss of Elav
staining was used to mark the clones indirectly, discs were
double-stained with a mouse anti-Arm antibody (N2 7A1 Ar-
madillo) from the Hybridoma Bank. Arm protein accumulates
in the adherens junctions and becomes concentrated around the
apical tips of cells in the MF and in photoreceptor cells as they
gather into clusters. Modulation of Arm protein was used as
morphological criterion for the differentiation stage of cells in
the eye. Secondary antibodies, either a FITC- or a Texas-Red-
conjugated, were from Jackson Inc. Eye discs were incubated
overnight with a mixture of the two primary antibodies, washed
several times and then incubated for 2 hr in a mixture of the two
secondary antibodies.
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